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INTRODUCTION: 

 

 Prostate cancer cells frequently metastasize to bone.  The bone-associated chemokines may play a 

role in the chemoattraction of prostate cancer cells to bone.  The interaction of bone associated 

chemokines with the chemokine receptors on prostate cancer cells leads to the activation of signaling 

pathways and subsequent expression of proteases including MMP-9.  The literature suggests the 

chemokine, CXCL12 formerly known as SDF-1α, and its cognate receptor CXCR4 are involved in 

the metastasis of breast cancer cell to lymph node and lung(1), further several recent studies show the 

existence these chemokine and chemokine receptor interactions in several types of cancers including, 

prostate(2, 3), ovarian(4), melanoma(5), colon(6), pancreatic(7, 8) and glioblastoma (3, 9) tumors.  

The purpose of current proposal is to demonstrate the presence of functional chemokine receptor; 

CXCR4 in PC cells and clinical PC bone metastasis, and its ligand CXCL12 in bone tissue, and to 

test the hypothesis that interaction of bone associated CXCL12 with CXCR4 expressed on prostate 

cancer cells elicits intra cellular signaling events leading to the MMP-9 gene expression.  The 

experiments in the current proposal were designed to provide link between the chemoattraction of 

cancer towards target environment mediated by the CXCL12 and CXCR4, and expression of 

proteases by activation of cell signaling pathways in the bone target environment.    

 

BODY 

 

Expression of CXCR4 and SDF-1αααα in prostate cancer cells and human fetal bone stromal cells.  

The expression of CXCR4 (Fig. 1) and SDF-1α 

(Fig. 2) in prostate cancer cells and human fetal 

bone stromal cells were investigated with variety of 

techniques.  RT-PCR analysis show that cancer 

cells express CXCR4 receptor and virus 

transformed prostate epithelial cells express very 

low levels of CXCR4 receptor (Fig.1 A).  The 

chemokine SDF-1α is expressed on the primary cultures of human fetal bone stromal cells and PC-3 

cells express very low levels (Fig. 2A). Fluorescence activated cell-sorting analysis of PC-3 and 

LNCaP cells show the cell surface expression of CXCR4 protein in both cell lines (Fig1 B).   SCID-

human PC-3 bone tumor tissue stained positive for CXCR4 expression (Fig1C).    Human fetal bone 

stromal cell and human fetal bone tissue secreted SDF-1α protein were determined using SDF-1α 

specific ELISA, the results show that both cells and bone tissue secreted the chemokine SDF-1α and 

bone tissue secreted higher levels of SDF-1α (Fig2B).   
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Fig.1. Expression of CXCR4 in prostate cancer 

cells. A. Real-time PCR expression of CXCR4 in 

prostate cancer cells and prostate epithelial cell line 

CRL2221. B. Fluorescence activated cell-sorting 

analysis of CXCR4 expression in PC-3 and LNCaP 

cells, C. Immuno histochemical analysis of CXCR4 

in 6-day PC-3 SCID-human bone tumors.  
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Fig. 2. Expression of SDF-1α in human fetal bone stromal cells 

and human fetal bone tissue. A. RT-PCR analysis of SDF-1@ in 

in vitro cultures of human fetal bone stromal cells and PC-3 cells.  

B. ELISA assay of SDF-1α in the conditioned media of human 

fetal bone stromal cells and human fetal bone tissue. 
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SDF-1αααα induces MMP-9 expression in prostate cancer cells:  MMP-9 gene expression in PC-3, 

LNCaP and DU145 cells was measured using the MMP-9 gene specific primers in RT-PCR 

experiment.  Both PC-3 and LNCaP cells induced the MMP-9 gene expression.  DU145 cells are not 

responsive to SDF-1α in MMP-9 gene expression (Fig. 2A).  SDF-1α induced MMP-9 gene 

expression is further confirmed by MMP-9 promoter activation studies using the full length MMP-9 

promoter element cloned in luciferase reporter vectors.  PC-3 cells have a basal promoter activation 

and upon SDF-1α treatment there is a 10-12 fold more increase in MMP-9 promoter activity 

(Fig.2B).  Further SDF-1α induced MMP-9 protein release from the PC-3 cells were evaluated by 

analyzing the conditioned media obtained from the PC-3 cells treated with different concentrations of 

SDF-1α.  The results show that there is dose dependent increase in the proMMP-9 secretion from the 

cancer cells (Fig.2C).   

 

 

SDF-1αααα induced signaling pathways 

participate in MMP-9 gene expression in 

PC-3 cells:  SDF-1α induces PI3 kinase 

activation and subsequent phosphorylation of 

Akt in PC-3 cells.  PC-3 cells were treated 

with SDF-1α and PI3 kinase inhibitor 

LY294002 and total cellular proteins were analyzed for Akt and activated form of Akt (pAkt).  SDF-

1α induced the phosphorylation of Akt at serine 473 position and PI3 kinase inhibitor LY294002 
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Fig.3. SDF-1α induces MMP-9 expression in prostate cancer cells. A. RT-PCR analysis of MMP-9 gene expression in 

prostate cancer cells. B. MMP-9 promoter activation.  The PC-3 cells were transfected with MMP-9 promoter reporter 

construct and treated with SDF-1α and luciferase activity was measured. C. Gelatin zymogram analysis of conditioned 

media from PC-3 cells treated with SDF-1α.  
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Fig. 4. SDF-1α activates Akt kinase in PC-3 

cells.  PC-3 cells were treated with indicated 

ligands in the figure and cell lysates were 

analyzed on the western blot with anti-Akt and 

anti-pAkt antibodies. 

A

B

 
Fig. 5. SDF-1α induces MMP-9 expression in PC3 cells via 

PI3K and MAP kinase signaling pathways.  A. RT-PCR 

analysis of MMP-9 gene expression in PC-3 cells.  B. Gelatin 

zymogram analysis of conditioned media from PC-3 cells 

treated with indicated ligand and inhibitors. 
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inhibited the SDF-1α induced Akt activation (Fig. 4).  Further we evaluated the significance of Akt 

activation in MMP-9 gene expression PC-3 cells.    PC-3 cells were treated with SDF-1α, PI3 kinase 

inhibitor LY294002 and MAP kinase inhibitor U0126 and PMA  (positive control for MMP-9 gene 

expression in cancer cells) for 24 hours.  MMP-9 gene expression is evaluated by RT-PCR (Fig. 5 A) 

and proMMP-9 protein secretion was measured by gelatin zymography (Fig. 5B).  Both RT-PCR and 

zymography data suggest that SDF-1α induced MMP-9 gene expression in PC-3 cells and SDF-1α 

induced MMP-9 gene expression in PC-3 cells were inhibited by pretreatment of cells with both PI-3 

kinase and MAP kinase inhibitors. PI3 kinase inhibition is more potent in inhibiting the MMP-9 gene 

expression and secretion from the PC-3 cells.       

 

Bone cell-associated CXCL12 stimulates CXCR4-dependent migration of prostate cancer cells.  

To study the role of stromal cell-associated soluble 

CXCL12 in inducing chemomigration of PC-3 cells, we 

employed a transwell co-culture system where prostate 

cancer cells were cultured with either bone stromal cells 

or bone tissue conditioned medium.   We showed that 

purified CXCL12, bone stromal cells, and bone tissue 

conditioned medium all stimulated chemomigration of 

PC-3 cells.  Pretreatment with anti-CXCR4 antibody 

inhibited PC-3 cell migration towards stromal cells in a 

dose dependent fashion (Figure 6A).  Pre-treatment of 

PC-3 cells with anti-CXCR4 antibody similarly inhibited 

bone conditioned media-induced chemomigration (Figure 

6B).  These data indicated that cancer cell migration in 

bone co-cultures is dependent on CXCL12/CXCR4 

signaling.   

CXCL12-mediated PC-3 cell chemoinvasion is 

sensitive to PI3-Kinase and MEK kinase inhibitors.  
The PI3 kinase and MAP kinase pathways have been 

shown to be activated by CXCL12/CXCR4 interaction 

(2, 10, 11).  Pretreatment of PC-3 cells with either 

LY294002 (PI3 kinase inhibitor) or U0126 (MEK 

inhibitor) abrogated CXCL12-induced MMP-9 gene 

expression (Annual Report 04).  One of the biological 

activities of cancer cell-derived MMPs are to facilitate 

invasion of the extracellular matrix (12, 13).  Using 

matrigel coated cell culture inserts, we showed that 

pharmacological inhibition of either the PI3 kinase or 

MAP kinase pathway abolished CXCL12-induced 

chemoinvasion of PC-3 cells (Figure 7).  LY294002 

appeared to be more potent that U0126 in inhibiting 

CXCL12-induced MMP-9 gene (Figure 6) and protein 

expression as well as chemoinvasion in prostate cancer 

cells.  

 
Fig 6.  Migration of PC-3 cells induced by bone 

is CXCR4-dependent.  (A) PC-3 cell migration 

was assessed in a transwell co-culture assay 

with human fetal bone stromal cells.  PC-3 

cells were seeded in upper chamber and human 

fetal bone stromal cells were seeded in bottom 

well.  After 16 hours of incubation, the inserts 

were stained and number of migrated PC3 cells 

was scored.  (B) PC-3 cell migration was 

assessed in a similar fashion using conditioned 

medium from human fetal bone tissue as a 

chemo attractant.  Experiments were performed 

in triplicate, and the data were analyzed using 

ANOVA.  The tukey post-test was performed 

for pair-wise comparisons, and * represents p 

values <0.05. 
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CXCL12-induced Akt phosphorylation in 

PC-3 cells. Published results show that CXCL12 activates Erk 1 and 2 (2), as well as Akt (11) in 

different prostate cancer cell lines (11).  Here, we found that CXCL12 stimulation led to activation of 

Akt in PC-3 cells (Annual Report 04), and this activation was sensitive to pretreatment of PC-3 cells 

with LY294002.  These data suggested that Akt phosphorylation was mediated via the PI3 kinase 

pathway.  Immunohistochemical analysis of SCID-human PC-3 bone tumors demonstrated specific 

staining for both Akt1 and pAkt
Ser473

 in both cancer cells and multinucleated osteoclasts residing near 

bone trabeculae (Figure 8). 

 

Akt1 kinase activation is indispensable for CXCL12 induced MMP-9 gene expression, release, 

migration and invasion of PC-3 cells.  Previous studies showed that the three known isoforms of Akt 

were expressed in prostate cancer cells (14, 15).  We used a sensitive real time PCR method to 

quantify the relative abundance of the various Akt isoforms in our cells (Figure 9 A).  We found that 

the Akt1 gene is the most abundant isoform expressed in all the cell lines tested.  To further 

understand the role CXCL12-induced activation of the PI3 kinase pathway in proMMP-9 secretion, 

cell migration, and invasion, we employed siRNA methodology to knock down Akt1.  Western blot 

analysis of cells transiently transfected with Akt1 siRNA showed that Akt 1 protein expression was 

specifically down regulated in PC-3 cells (Figure 9B).  Furthermore, down regulation of the Akt1 

isoform by siRNA diminished the overall levels of 473pSer-activated Akt (Figure 9C), suggesting that 

CXCL12 signaling involves the Akt1 isoform in PC-3 cells.  We then stimulated the Akt1 siRNA-

transfected cells and control-transfected cell with CXCL12 and found that MMP-9 secretion was 

inhibited only in the Akt1 si-RNA transfected cells (Figure 9D).  Furthermore, Akt1 siRNA 

transfection specifically inhibited CXCL12-induced migration (Figure 9E) and invasion (Figure 9F).    

Together, these data showed that Akt1 signaling was unequivocally involved in CXCL12-induced 

MMP-9 secretion, migration, and invasion by PC-3 cells. 

 

Figure 8. CXCL12 activates Akt kinase in PC-3 bone 

tumors. Immunohistochemical analysis of Akt1 and pSer473 

Akt in SCID-human PC-3 bone tumors.  No primary antibodies 

were used in negative control for Akt1 immunostaining and 

pAkt
 Ser473

 antibodies were preadsorbed with immunogenic 

epitope of pAkt
 Ser473

 for 30 min and entire mixture were used in 

the immunostaining for pAkt
 Ser473

.  * Denotes osteoclasts 

residing near trabecular bone.  
 

 

Fig 7.  CXCL12-induced PC-3 cell chemoinvasion 

is sensitive to PI3-Kinase and MAP kinase 

inhibition.  PC-3 cell invasion assay using matrigel-

coated transwell culture inserts.  CXCL12 was 

included in the bottom chamber as a chemoattractant.  

LY294002 or U0126 was included with the cancer 

cells in the upper chamber as indicated.  The data 

were analyzed using ANOVA, and are presented as 

mean ± s.e. from triplicate experiments.  Tukey post-

test was used for pair-wise comparisons, and * 

represents p values <0.05. 
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CXCL12/CXCR4 interaction leads to activation 

of the NF-κκκκB response element.  Recent studies 

showed that activated Akt transduces signals via the 

cellular activation of NF-κB transcription factor (16, 

17).  Among the secreted MMPs, only MMP-9 has an NF-κB transcription factor binding element in 

the promoter sequence (18), and we previously showed that PC-3 cells are capable of responding to 

external stimuli by activating NF-κB transcription factor activity (19).  Here we evaluated whether 

CXCL12/CXCR4 signaling can act via NF-κB.  We transfected PC-3 cells with an NF-κB response 

element fused to a luciferase reporter construct.  CXCL12 treatment of the transfected cells led to 

luciferase expression demonstrating activation of the NF-κB response element (Figure 10).  These 

data suggest that CXCL12/CXCR4-mediated PI3K/Akt activation leads to expression of NF-κB 

responsive genes. 

CXCR4 protein was localized to lipid rafts in PC cells: Lipid rafts are cell membrane 

microdomains that modulate oncogenic signal transduction by maintaining steady state levels of 

growth factor receptors(20, 21).  To understand the role of CXCR4 signaling events during CXCL12-

induced migration of cancer cells, we isolated rafts from PC3 cells using a sequential detergent 

solubilization technique(22).  As expected, lipid raft marker Giα-3 localized to the triton-insoluble 

 

A

C

D

E F

B

Fig 9. Akt1 oncogene is essential for CXCL12-

induced MMP-9 gene expression, cell migration 

and invasion.  (A) Real time PCR was used to 

assess gene expression of three isoforms of Akt in a 

panel of cultured cell lines.  (B) Immunoblot 

analysis demonstrating successful knock down of 

Akt1 expression using a siRNA approach.  (C) PC-

3 cells transfected with either scrambled (scr) 

siRNA or Akt1 siRNA were treated with CXCL12 

for 15 min.  Total cellular proteins were 

immunoblotted with anti Akt1, anti pSer473, and 

anti β-actin antibodies.  (D) PC-3 cells transfected 

with either scrambled siRNA or Akt1 siRNA were 

treated with CXCL12 for 16 hours. Conditioned 

media were subjected to gelatin zymography. (E) 

Migration and (F) invasion of PC-3 cells transfected 

with either scrambled siRNA or Akt1 siRNA and 

treated with 200ng/ml of CXCL12.  Transfections 

were performed in triplicate for all the experiments, 

and data were analyzed using ANOVA and * 

represents p values <0.05. 
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Fig 10.  CXCL12 stimulates expression of the NF-κκκκB 
response element.  PC-3 cells were transfected with empty 

luciferase vector, pTAL-Luc vector, or NF-κB-Luc vector.  

Transfected cells were treated with either CXCL12 or TNF-

α, and normalized luciferase activities are shown. TNF-α 

treatment used as a positive control, which has shown to 

activate NF-κB transcription factor.  The transfections were 

performed in triplicate, and the data were analyzed using the 

student t-test.  Data are expressed as mean ± s.e. and * 

represents p values <0.05.  

A

B

 
Fig 11. CXCR4 localized to lipid rafts. (A) Lipid raft 

fractions were isolated from prostate cancer cells using a 

successive detergent solubilization technique.  The raft and 

non-raft fractions were immunoblotted with anti caveolin 

and anti Giα-3 subunit antibodies to confirm successful 

isolation of rafts.  (B) Immunoblot showing localization of 

CXCR4 to lipid raft fractions. 
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portion of the plasma membrane in PC-3 cells and LNCaP cells, and caveolin localized to the triton-

insoluble fraction of the plasma membrane in 

PC-3 cells (Figure 11A), confirming the 

successful isolation of rafts.  LNCaP cells are 

known not to express caveolin(23).  Western 

blot analyses of lipid raft and non-raft fractions 

of PC-3 and LNCaP cells showed that CXCR4 

was enriched in the lipid raft fraction (Figure 

11B).   

CXCR4 over-expression induces protease 

and chemokine gene expression in PC-3 cells:  

CXCR4 protein was over-expressed in PC-3 

cells by plasmid tranfection, and stable clones 

were selected and analyzed for CXCR4 over-

expression.  PC-3CXCR4-2.3 clone has highest 

CXCR4 expression among all the clones tested.  

For transfection control, PC-3 cells were 

transfected with empty vector containing 

neomycin resistance gene, and a clone 

Table 1:  Protease gene expression changes in PC-3 cells over-expressing CXCR4.     The genes 

shown in the table are over-expressed (fold increased) or inhibited (fold decreased) in PC-3CXCR4-2.3 cells compared to 

PC-3Neo cells. 

Name of the gene Fold increased Fold decreased 

Proteases: 

MMP10 

MMP13 

MMP1 

MMP9 

MMP24 

Cathepsin S 

Cathepsin D 

Cathepsin U 

Caspase 10 

Proteosome subunit b type 9 

Proteosome subunit b type 8 (LMP7) 

Serine Protease 16 (PRSS16) 

SUMO-1-specific protease 

Complement C1r-like proteinase precursor 

ADAMTS 

ADAM12 variant 

Protease inhibitor: 

TIMP1 

Antileuoproteinase inhibitor (SLPI) 

Serine protease inhibitor, Kunitz type 1 (SPINT1) 

Protease inhibitor 3, skin derived (SKLAP) 

Serine (or cysteine) proteinase inhibitor, Clade B member 2 

Serine (or cysteine) proteinase inhibitor, Clade B member 1 

Serine (or cysteine) proteinase inhibitor, Clade B member 3  

TIMP4 

 

34.3 

10.6 

4.9 

4.6 

2 

22.6 

4.3 

2.3 

24.3 

7.0 

3.0 

2.1 

2 

2 

 

 

 

2.1 

3.5 

2.5 

2.3 

6.5 

2.5 

2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

0.2 

0.2 

 

 

 

 

 

 

 

 

0.5 
 

Table 2:  Chemokine and chemokine receptor 

gene expression changes in PC-3 cells over-

expressing CXCR4.     The genes shown in the table 

are over-expressed (fold increased) or inhibited (fold 

decreased) in PC-3CXCR4-2.3 cells compared to PC-3Neo 

cells. 

Name of the gene Fold 

increased 

Fold 

decreased 

Chemokine 

Receptors: 

CXCR4 

GPR87 

Chemokines: 

CXCL5 

CXCL11 

CXCL10 

CXCL6 

CC20 

Gro2 

Gro3 

Gro1 

 

 

111.4 

2.3 

 

68.6 

29.9 

11.3 

4.0 

26.0 

27.9 

22.6 

7.0 
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designated PC-3Neo were isolated.  Both, PC-3 Neo and PC-3CXCR4-2.3 cells were cultured in 

0.4m inserts, which were previously coated with matrigel. The total RNA was isolated from the cells, 

and digested with DNAase I to degrade residual DNA contamination.  The resulting RNA was send 

to core-facility for gene expression analysis with Affymatrix human genome chip (HGU133B).  The 

genes which are up or down regulated were identified between PC-3Neo and PC-3CXCR4-2.3 cells, 

and the data were presented in Table 1 and Table 2.  

 

KEY RESEARCH ACCOMPLISHMENTS 

� In vitro and in vivo prostate cancer cells express CXCR4 receptor and bone associated cells 

express the CXCR4 ligand CXCL12. 

� CXCL12 and CXCR4 interaction in prostate cancer cells induce MMP-9 gene expression and 

promoter activation.  In PC-3 cells CXCL12 can induce the expression and secretion of pro 

MMP-9 

� CXCL12 can activate the PI3 kinase/Akt pathway in PC-3 cells. 

Relative role of PI3K/MAPK pathway studies with well accepted pharmacological inhibitors suggest 

that CXCL12 induced MMP-9 gene expression in PC-3 cells are sensitive to both pathways and 

assessing relative sensitivity of these two inhibitors suggest that PI3K/Akt pathway is more potent in 

inducing MMP-9 gene expression. 

� Bone tissue associated CXCL12 stimulates CXCR4 dependent PC-3 cell chemomigration.  

� CXCL12 mediated chemoinvasion of PC-3 cells is sensitive to both PI3 kinase and MAP kinase 

inhibitors.  

� SCID-human PC-3 bone tumors express Akt protein and activated Akt protein.  Tumor cells and 

osteoclasts show immunoreactivity for both Akt and phosphorylated Akt protein.   

� Akt 1 phosphorylation is indispensable for CXCL12 induced MMP-9 gene expression, secretion, 

migration and invasion of PC-3 cells. 

� CXCL12/CXCR4 interactions activates NF-κB response element in PC-3 cells.  

� Gene expression profiles that several members of protease family and chemokine family were up-

regulated in CXCR4 over-expressing PC-3 cells compared to corresponding Neo cells. 

� CXCR4 was localized to lipid rafts fractions of PC cells. 

 

REPORTABLE OUTCOMES 

 

Podium Presentations: 

 

Chinni SR. 

 
CXCR4 and MMP-9 in prostate cancer bone metastasis. The IVth International conference on cancer  
induced bone diseases.  San Antonio, TX.  December 2003. 
 
Role of CXCR4 and MMP-9 in prostate cancer bone metastasis. Plenary lecture. Vth Annual Michigan  
Prostate Research Colloquium on basic and clinical advances of prostate cancer. April 23, 2005. 

 

 

Abstract:   

 

Chinni, SR, Sivalogan S, Dong Z, Trindade Filho JC, Bonfil RD and Cher, ML.  CXCL12 

chemokine-CXCR4 receptor interaction in prostate cancer induces akt signaling, mmp-9 expression, 

motility and invasion.  American Urological Association annual meeting, San Antanio, TX.  May 21-

26, 2005. 
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Chinni, SR, Sivalogan S, Dong Z, Trindade Filho JC, Bonfil RD and Cher, ML.  The bone 

microenvironment induces CXCL12/CXCR4 signaling, Akt activation, and MMP-9 expression in 

prostate cancer cells. IV symposium on skeletal complications of malignancy, NIH, Bethesda, MD. 

April 28-30, 2005 

 

Chinni, SR, Sivalogan S, Dong Z, Trindade Filho JC, Bonfil RD and Cher, ML.  CXCL12 and 

CXCR4 interaction in prostate cancer induces akt signaling, mmp-9 expression, motility and invasion 

96
th
 Annual Meeting of American Association for Cancer Research.  Anaheim, CA. CD-ROM, 2005.   

.   

Chinni, SR, Sivalogan S, Dong Z, Trindade Filho JC, Bonfil RD and Cher, ML.  CXCL12/CXCR4 

signaling induces Akt activation and MMP-9 expression in prostate cancer cells. Eleventh Annual 

Prostate Cancer Foundation Scientific Retreat, Lake Tahoe, NV. October 21-24, 2004. 

 

Chinni, SR, Sivalogan S, Dong Z, Trindade Filho JC, Bhagat S; Bonfil RD and Cher, ML.  Akt 

activation and MMP-9 secretion in prostate cancer bone interaction. Proceedings of 95
th
 Annual 

Conference, American Association for Cancer Research. CD-ROM, 2004. 

 

Chinni SR, Dong Z, Sivalogan, S, Trindade Filho JC, Bhagat S, Bonfil R and Cher ML.  CXCR4 and 

MMP-9 in prostate cancer bone metastasis.  The IVth international conference on cancer-induced bone 

diseases. December 2003; p25. 

 

Chinni SR, Deng X, Dong Z, Bhagat S, Bonfil RD, Cher ML.  The Role of SDF-1α/CXCR4/MMP-9 

in Prostate Cancer Bone Metastasis. J Urol 169:354A, 2003. 

 

Publication: 

 

Chinni SR, Sivalogan S, Dong Z, Trindade Filho, JC, Deng X, Bonfil RD and Cher ML. 

CXCL12/CXCR4 signaling activates Akt-1 and MMP-9 expression in prostate cancer cells:  the role 

of bone microenvironment-associated CXCL12. The Prostate.  66(1):32-48, 2006. 

 

 

 

CONCLUSIONS 

 

 These results suggest that chemokine, CXCL12 and its cognate receptor CXCR4 are expressed in 

the cellular phenotypes of prostate cancer bone metastasis.  Bone associated CXCL12 could act as a 

chemoattractant for circulating Prostate Cancer cells.  Biological activities of prostate cancer cell 

associated CXCL12/CXCR4 interactions include expression and secretion of MMP-9. CXCL12 

induced cell signaling pathways mediate chemoinvasion of cancer cells, and activated Akt 1 kinase 

is indispensable for CXCL12 mediated cellular migration and invasion of prostate cancer cells. 

CXCR4 was localized to lipid raft fractions in plasma membrane of PC cells.  Studies with CXCR4 

over-expression in PC-3 cells reveal that several proteases including MMP-9, and chemokine ligands 

and receptors are down-stream targets in PC cells. 

 This data suggests that chemoattractive mechanisms may involve migration of cancer cells 

towards bone tissue, and that cell signaling induced by binding of the chemokine to its receptor leads 

to the activation of multiple signaling pathways and subsequent release of MMPs into the local 

environment.  These findings may provide a link between chemoattractive mechanisms, growth of 

tumor cells in bone, and tumor-enhanced bone matrix turnover. 
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APPENDICES 

 

Appendix 1 

 

CXCL12 CHEMOKINE-CXCR4 RECEPTOR INTERACTION IN PROSTATE CANCER 

INDUCES AKT SIGNALING, MMP-9 EXPRESSION, MOTILITY AND INVASION 

 

Sreenivasa R. Chinni, Sivasakthy Sivalogan, Zhong Dong, J. Carlos Trindade Filho, R. Daniel 

Bonfil and Michael L. Cher* 

 

Departments of Urology and Pathology 
 

Wayne State University  

 

Introduction and Objective(s): Hematopoietic cells home to bone by means of chemo-

attraction to marrow chemokines, and chemokine-receptor binding leads to the 

expression/activation of adhesion molecules and proteases.  Recent evidence suggests that a 

similar mechanism may be active in cancer metastasis.  Previously, we showed that inhibition of 

matrix metalloprotease (MMP) activity diminished bone matrix turnover and proliferation of 

prostate cancer (PC) cells in bone.  Using specific tissue-based enzymatic activity assays, we 

also demonstrated an increase in net MMP-9 activity, but not MMP-2 or MT1-MMP activity, in 

bone tissues colonized by PC cells in vivo.  Herein, we hypothesized that CXCL12 chemokine-

CXCR4 receptor interactions facilitate PC bone metastasis by activating intracellular signaling 

pathways leading to the expression and release of MMP-9.   

Methods: We used a variety of methods including RT-PCR, immunohistochemistry, ELISA, 

gelatin zymography, cellular motility and invasion, and subcellular fractionation of prostate 

cancer cells applied to in vivo and in vitro models.   

Results: Here we showed that (a) CXCR4 was expressed on the surface of PC cells and in 

experimental SCID-human bone tumors, and CXCL12 was expressed by stromal cells in bone 

and lung tissue; (b) CXCL12 induced MMP-9 gene expression and secretion in PC cells; (c) 

bone stromal cells and bone tissue conditioned media induced CXCR4-dependent migration of 

PC-3 cells; (d) pharmacological inhibition of PI3 kinase and MAP kinase pathways abrogated 

CXCL12-induced MMP-9 gene expression, secretion, and invasion of PC-3 cells; (e) CXCL12 

induced Akt phosphorylation, and Akt1 siRNA transfections abrogated CXCL12-induced Akt 

phosphorylation, proMMP-9 secretion, migration and invasion of PC-3 cells; (f) CXCR4 was 

localized to lipid rafts in prostate cancer cells; and (g) CXCL12 induced HER2 phosphorylation 

in PC-3 cells.   

Conclusions: These data suggest that chemoattractive mechanisms may be involved in migration 

of PC bone metastasis.  Chemokine-receptor interactions lead to activation of signaling pathways 

ultimately resulting in release of MMP-9 into the local environment and PC cell motility and 

invasion.  These findings provide a link between chemoattractive mechanisms, growth of tumor 

cells in bone, and tumor-enhanced bone matrix turnover. 
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CXCL12 and CXCR4 INTERACTION IN PROSTATE CANCER INDUCES AKT 

SIGNALING, MMP-9 EXPRESSION, MOTILITY AND INVASION 
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Introduction and Objective(s): Hematopoietic cells home to bone by means of chemo-

attraction to marrow chemokines, and chemokine-receptor binding leads to the 

expression/activation of adhesion molecules and proteases.  Recent evidence suggests that a 

similar mechanism may be active in cancer metastasis.  Previously, we showed that inhibition 

of matrix metalloprotease (MMP) activity diminished bone matrix turnover and proliferation of 

prostate cancer (PC) cells in bone.  Using specific tissue-based enzymatic activity assays, we 

also demonstrated an increase in net MMP-9 activity, but not MMP-2 or MT1-MMP activity, 

in bone tissues colonized by PC cells in vivo.  Herein, we hypothesized that CXCL12 

chemokine-CXCR4 receptor interactions facilitate PC bone metastasis by activating 

intracellular signaling pathways leading to the expression and release of MMP-9.   

Methods: We used a variety of methods including RT-PCR, immunohistochemistry, ELISA, 

gelatin zymography, cellular motility and invasion, and subcellular fractionation of prostate 

cancer cells applied to in vivo and in vitro models.   

Results: Here we showed that (a) CXCR4 was expressed on the surface of PC cells and in 

experimental SCID-human bone tumors, and CXCL12 was expressed by stromal cells in bone 

and lung tissue; (b) CXCL12 induced MMP-9 gene expression and secretion in PC cells; (c) 

bone stromal cells and bone tissue conditioned media induced CXCR4-dependent migration of 

PC-3 cells; (d) pharmacological inhibition of PI3 kinase and MAP kinase pathways abrogated 

CXCL12-induced MMP-9 gene expression, secretion, and invasion of PC-3 cells; (e) CXCL12 

induced Akt phosphorylation, and Akt1 siRNA transfections abrogated CXCL12-induced Akt 

phosphorylation, proMMP-9 secretion, migration and invasion of PC-3 cells; and (f) CXCR4 

was localized to lipid rafts in prostate cancer cells.   

Conclusions: These data suggest that chemoattractive mechanisms may be involved in 

migration of PC bone metastasis.  Chemokine-receptor interactions lead to activation of 

signaling pathways ultimately resulting in release of MMP-9 into the local environment and PC 

cell motility and invasion.  These findings provide a link between chemoattractive 

mechanisms, growth of tumor cells in bone, and tumor-enhanced bone matrix turnover. 



 

 

 

 

 

 

 

 

 

 

 

 

CXCL12/CXCR4 SIGNALING INDUCES AKT ACTIVATION AND MMP-9 EXPRESSION 

IN PROSTATE CANCER CELLS 

 

Sreenivasa R. Chinni, Sivasakthy Sivalogan, Zhong Dong, J. Carlos Trindade Filho, R. Daniel 

Bonfil and Michael L. Cher. 

 

Departments of Urology and Pathology 
 

Wayne State University and The Barbara Ann Karmanos Cancer Institute  

 

Chemokines and chemokine receptor interactions facilitate the physiological migration of cells.  

Hematopoietic cells home to bone by means of chemo-attraction to marrow chemokines. 

Interaction of chemokines with their receptors leads to the expression/activation of adhesion 

molecules and proteases.  Recent evidence suggests that a similar mechanism may be active in 

cancer metastasis:  expression of the chemokine CXCL12 and its receptor CXCR4 has been 

documented in several epithelial tumors.  We previously showed that broad-spectrum inhibition 

of matrix metalloprotease (MMP) activity diminishes bone matrix turnover and proliferation of 

prostate cancer (PC) cells in bone.  Using specific tissue-based enzymatic activity assays, we 

recently demonstrated an increase in net MMP-9 activity, but not MMP-2 or MT1-MMP activity, 

in bone tissues colonized by cancer cells in vivo.  The MMP-9 protein immunolocalized to 

prostate cancer cells and osteoclasts.   Herein, we hypothesize that CXCL12 and CXCR4 

interactions facilitates the metastasis of prostate cancer cells by activating intracellular signaling 

pathways leading to the expression and release of MMP-9.  Using a variety of methods including 

RT-PCR, ELISA, gelatin zymography, cellular motility and invasion and subcellular 

fractionation of prostate cancer cells, we showed that (a) CXCR4 was expressed on prostate 

cancer cells and experimental scid-human PC-3 bone tumors and CXCL12 was expressed on 

stromal cells of bone and lung and to a lesser extent in PC-3 cells; (b) CXCL12 induced MMP-9 

gene expression and secretion in prostate cancer cells; (c) bone stromal cells and bone tissue 

conditioned media induced the migration of PC-3 cells in a CXCR4 dependent manner; (d)  

pharmacological inhibition of PI3 kinase and MAP kinase pathways abrogated the CXCL12 

induced MMP-9 gene expression and release, and invasion of PC-3 cells; (e) CXCL12 induced 

Akt1 phosphorylation and Akt1 siRNA transfections abrogated the CXCL12 induced Akt 

phosphorylation, proMMP-9 secretion, migration and invasion of PC-3 cells; (f) CXCR4 was 

localized to lipid rafts in prostate cancer cells and CXCL12 induced HER2 phosphorylation in 

PC-3 cells; (g) kinetics of CXCL12 induced HER2 and Akt phosphorylation showed that 

CXCL12 induced HER2 phosphorylation preceded Akt phosphorylation in PC-3 cells.  This data 

suggests that chemoattractive mechanisms may involve migration of cancer cells towards bone 

tissue, and that cell signaling induced by binding of the chemokine to its receptor leads to the 

activation of multiple signaling pathways and subsequent release of MMPs into the local 

environment.  These findings may provide a link between chemoattractive mechanisms, growth 

of tumor cells in bone, and tumor-enhanced bone matrix turnover. 



 

 

 

 

 

Akt activation and MMP-9 secretion in prostate cancer bone interaction   
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We showed previously that broad-spectrum inhibition of matrix metalloprotease (MMP) activity 

diminishes bone matrix turnover and proliferation of prostate cancer (PC) cells in bone (JNCI 94:17, 

2002).  Using specific tissue-based enzymatic activity assays, we recently demonstrated an increase in net 

MMP-9 activity, but not MMP-2 or MT1-MMP activity, in bone tissues colonized by cancer cells in vivo.  

The MMP-9 protein immunolocalized to prostate cancer cells and osteoclasts (Proc AACR 44:3269A, 

2003).  Herein, we sought to characterize intracellular signaling pathways that lead to the secretion of 

MMP-9 by cancer cells exposed to the bone microenvironment.  The PI3K/Akt signaling pathway is 

known to be activated in variety of cancer cells following interaction with extracellular matrix 

components and/or autocrine/paracrine growth factors; thus, we analyzed this pathway during co-culture 

of PC cells with human bone marrow stromal cells or intact bone tissue.  Using a variety of methods 

including confocal analysis, western blot, and gelatin zymography, we showed that (a) secretion of pro-

MMP-9 by PC-3 cells is induced by co-culture with bone stromal cells; (b) the Akt pathway is selectively 

activated in PC-3 cells during co-cultures; (c) secretion of proMMP-9 by PC-3 cells is sensitive to the 

PI3K inhibitor, LY294002; (d) proteolytic activation of latent pro-MMP-9 to active MMP-9 occurs when 

PC-3 cells are cultured together with intact bone tissue; and (e) the activation of MMP-9 is sensitive to 

PI3K inhibition by LY294002.  Western blot analysis of experimental in vivo PC bone tumor tissue 

showed activation of Akt and its downstream molecules.  These data suggest that activation of tumor cell-

associated Akt kinase and downstream molecules in the Akt pathway play a key role in bone stromal-

tumor interactions leading to the secretion of MMP-9 by tumor cells.  Neutralization strategies involving 

dominant negative Akt constructs and isoform-specific Akt siRNA are under progress to delineate the 

mechanisms underlying Akt signaling and MMP-9 expression and activation.  



 

 

 

 

 

CXCR4 and MMP-9 in prostate cancer bone metastasis 

  

Chinni, SR; Dong, Z; Sivalogan S; Trindade Filho, JC; Bhagat, S; Bonfil RD and Cher, ML
 

 

Wayne State University 

 

Mechanims underlying organ-specific metastasis to bone likely include both chemoattractive homing 

phenomena and selective proliferative advantages of cancer cells after their arrival in the marrow.  Recent 

evidence implicates the chemokine SDF-1α and its receptor CXCR4 in organ-specific metastasis of breast 

cancer.  Previously, we demonstrated that circulating prostate cancer (PC) cells selectively colonize 

human fetal bones implanted in SCID mice and that matrix metalloproteinases, particularly MMP-9, play 

a role in the proliferation of PC cells in bone and subsequent bone matrix remodeling.  Herein, we 

injected PC3 cells into fetal human bone implants, and harvested the tissues at 1, 3 days for their 

microscopic location and 14 days for MMP-9 activity measurements.  Using several methods, we 

determined the expression of CXCR4 in prostate cancer bone tumor cells and cultured PC cells, and the 

effect of both exogenous SDF-1α and co-cultures of prostate cancer cells and bone stromal cells on the 

secretion of proMMP-9.  PC cells injected directly into implanted bones at early time periods migrated 

toward endosteal surfaces of trabeculae suggesting a chemoattractive-migratory mechanism.  In vitro 

treatment of PC-3 cells with SDF-1α  and co-cultures of cancer cells and stromal cells showed a dose-

dependent effect on the secretion of proMMP-9.  PI3 Kinase inhibitors abrogated MMP-9 secretion. 

These data suggest that chemoattractive mechanisms stimulate the migration of cancer cells towards 

mineralized trabeculae, and that PI3 kinase signaling induced by SDF-1α and CXCR4 releases MMPs 

into local environment.  
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